
REVIEWS Drug Discovery Today � Volume 12, Numbers 23/24 �December 2007

Solid dispersions as strategy to improve
oral bioavailability of poor water soluble
drugs
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Solid dispersions are one of the most promising strategies to improve the oral bioavailability of poorly

water soluble drugs. By reducing drug particle size to the absolute minimum, and hence improving drug

wettability, bioavailability may be significantly improved. They are usually presented as amorphous

products, mainly obtained by two major different methods, for example, melting and solvent

evaporation. Recently, surfactants have been included to stabilize the formulations, thus avoiding drug

recrystallization and potentiating their solubility. New manufacturing processes to obtain solid

dispersions have also been developed to reduce the drawbacks of the initial process. In this review, it is

intended to discuss the recent advances related on the area of solid dispersions.
Introduction
Oral drug delivery is the simplest and easiest way of administering

drugs [1,2]. Because of the greater stability, smaller bulk, accurate

dosage and easy production, solid oral dosages forms have many

advantages over other types of oral dosage forms. Therefore, most

of the new chemical entities (NCE) under development these days

are intended to be used as a solid dosage form that originate an

effective and reproducible in vivo plasma concentration after oral

administration [3,4]. In fact, most NCEs are poorly water soluble

drugs, not well-absorbed after oral administration [4,5], which can

detract from the drug’s inherent efficacy [6–8]. Moreover, most

promising NCEs, despite their high permeability, are generally

only absorbed in the upper small intestine, absorption being

reduced significantly after the ileum, showing, therefore, that

there is a small absorption window [9,10]. Consequently, if these

drugs are not completely released in this gastrointestinal area, they

will have a low bioavailability [9,11]. Therefore, one of the major

current challenges of the pharmaceutical industry is related to

strategies that improve the water solubility of drugs [6,12,13].

Drug release is a crucial and limiting step for oral drug bioavail-

ability, particularly for drugs with low gastrointestinal solubility

and high permeability. By improving the drug release profile of

these drugs, it is possible to enhance their bioavailability and
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reduce side effects [9,12,14–16]. Solid dispersions are one of the

most successful strategies to improve drug release of poorly soluble

drugs. These can be defined as molecular mixtures of poorly water

soluble drugs in hydrophilic carriers, which present a drug release

profile that is driven by the polymer properties.

Solid dispersions
First generation solid dispersions
The first description of solid dispersions was from Sekiguchi and

Obi in 1961. They noted that the formulation of eutectic mixtures

improve the rate of drug release and, consequently, the bioavail-

ability of poorly water soluble drugs [17]. In the same decade,

several solid dispersions were described using poorly water soluble

drugs, such as sulfathiazole [18] and chloramphenicol [17] using

urea as high water soluble carrier. These solid dispersions produced

faster release and higher bioavailability than conventional formu-

lations of the same drugs. The small particle size and the better

wettability of the drug were the main reasons for the observed

improvements in bioavailability. Later, Levy [19] and Kaning [20]

developed solid dispersion systems, containing mannitol as car-

rier, by preparing solid solutions through molecular dispersions

instead of using eutectic mixtures [14]. The observed Improve-

ments were attributed to a faster carrier dissolution, releasing

microcrystals or particles of drug [21]. These solid dispersions,

which could be designed as first generation solid dispersions
ee front matter � 2007 Elsevier Ltd. All rights reserved. doi:10.1016/j.drudis.2007.09.005
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FIGURE 1

The classification of solid dispersions.
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(Figure 1), were prepared using crystalline carriers. Crystalline car-

riers include urea [17,18,21] and sugars [20], which were the first

carriers to be employed in solid dispersions. They have the disad-

vantage of forming crystalline solid dispersions, which were more

thermodynamically stable and did not release the drug as quickly as

amorphous ones.

Second generation solid dispersions
In the late sixties [22,23] it was observed that solid dispersions,

where the drug was maintained in the crystalline state, might not

be as effective as the amorphous, because the former were more

thermodynamically stable [6,22,24]. Therefore, a second genera-

tion of solid dispersions appeared, containing amorphous carriers

instead of crystalline. Indeed, the most common solid dispersions

do not use crystalline carriers but amorphous. In the latter, the

drugs are molecularly dispersed in an irregular form within an

amorphous carrier, which are usually polymers [25].

Polymeric carriers have been the most successful for solid dis-

persions, because they are able to originate amorphous solid

dispersions. They are divided into fully synthetic polymers

and natural product-based polymers. Fully synthetic polymers

include povidone (PVP) [5,22,26–31], polyethyleneglycols (PEG)

[16,24,32–34] and polymethacrylates [35,36]. Natural product-

based polymers are mainly composed by cellulose derivatives,

such as hydroxypropylmethylcellulose (HPMC) [13,37,38], ethyl-

cellulose [11,13,39] or hydroxypropylcellulose [12,40] or starch

derivates, like cyclodextrins [41,42].

Amorphous solid dispersions can be classified according to the

molecular interaction of drug and carriers in solid solutions, solid

suspensions or a mixture of both [5,27].

In amorphous solid solutions, drug and carrier are totally mis-

cible and soluble, originating a homogeneous molecular interac-

tion between them [5]. In these systems, the drug and carrier

interaction energy is extremely high, resulting in a really true
solution [14]. The use of polymers in the preparation of a true solid

solution creates an amorphous product in which the crystalline

drug is dissolved [5,43]. This type of amorphous solid dispersion is

homogeneous on a molecular level. Therefore, only one phase is

present [5].

Amorphous solid suspensions occur when the drug has a limited

carrier solubility or an extremely high melting point [44]. Drugs

with a high melting point are candidates for producing an amor-

phous solid suspension. Molecularly, the obtained dispersion does

not have a homogeneous structure, but is composed of two phases.

Small drug particles, when dispersed in polymeric carriers, are able

to provide an amorphous final product [5,21].

When a drug is both dissolved and suspended in the carrier, a

heterogeneous structure is obtained with mixed properties of

amorphous solid solutions and amorphous solid suspensions [5].

In second generation solid dispersions, the drug is in its super-

saturated state because of forced solubilization in the carrier

[24,25,40]. These systems are able to reduce the drug particle size

to nearly a molecular level, to solubilize or co-dissolve the drug by

the water soluble carrier, to provide better wettability and disper-

sibility of the drug by the carrier material, and to produce amor-

phous forms of the drug and carriers [45,46]. In these solid

dispersions, the carrier dissolution (or mixtures of carriers) dictates

the drug release profile [13,14].

Third generation solid dispersions
Recently, it has been shown that the dissolution profile can be

improved if the carrier has surface activity or self-emulsifying

properties, therefore third generation solid dispersions appeared.

These contain a surfactant carrier, or a mixture of amorphous

polymers and surfactants as carriers. These third generation solid

dispersions are intended to achieve the highest degree of bioavail-

ability for poorly soluble drugs and to stabilize the solid dispersion,

avoiding drug recrystallization.
www.drugdiscoverytoday.com 1069
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The use of surfactants such as inulin [5], inutec SP1 [43], com-

pritol 888 ATO [47], gelucire 44/14 [45,48,49] and poloxamer 407

[15] as carriers was shown to be effective in originating high poly-

morphicpurityand enhanced in vivobioavailability.Theassociation

of amorphous polymers and surfactants has also been reported. For

instance, the dissolution rate and bioavailability of LAB68, a poor

water soluble drug, were improved after being dispersed in a mixture

of PEG and polysorbate 80. The bioavailability of this solid disper-

sion was 10-fold higher compared to the dry blend of micronized

drug. In addition, the solid dispersion system was physically and

chemically stable for at least 16 months [50]. HPMC was also

associated with poloxamer and polyoxyethylene hydrogenated

castor oil to prepare an amorphous felodipine solid dispersion

[37]. The inclusion of surfactants in the formulation containing a

polymeric carrier may help to prevent precipitation and/or protect a

fine crystalline precipitate from agglomeration into much larger

hydrophobic particles [7].

Advantages of solid dispersions over other strategies
to improve bioavailability of poorly water soluble
drugs
Improving drug bioavailability by changing their water solubility

has been possible by chemical or formulation approaches

[15,31,51].

Chemical approaches to improving bioavailability without

changing the active target can be achieved by salt formation or

by incorporating polar or ionizable groups in the main drug

structure, resulting in the formation of a pro-drug. Solid disper-

sions appear to be a better approach to improve drug solubility

than these techniques, because they are easier to produce and

more applicable. For instance, salt formation can only be used for

weakly acidic or basic drugs and not for neutral. Furthermore, it is

common that salt formation does not achieve better bioavailabil-

ity because of its in vivo conversion into acidic or basic forms

[52,53]. Moreover, these type of approaches have the major dis-

advantage that the sponsoring company is obliged to perform

clinical trials on these forms, since the product represents a NCE

[4].

Formulation approaches include solubilization and particle size

reduction techniques, and solid dispersions, among others. Solid

dispersions are more acceptable to patients than solubilization

products, since they give rise to solid oral dosage forms instead of

liquid as solubilization products usually do [52,53]. Milling or

micronization for particle size reduction are commonly performed

as approaches to improve solubility, on the basis of the increase in

surface area [7,54]. Solid dispersions are more efficient than these

particle size reduction techniques, since the latter have a particle

size reduction limit around 2–5 mm which frequently is not

enough to improve considerably the drug solubility or drug release

in the small intestine [7,53,55] and, consequently, to improve the

bioavailability [52,53,56]. Moreover, solid powders with such a

low particle size have poor mechanical properties, such as low flow

and high adhesion, and are extremely difficult to handle [53,55].

Solid dispersions disadvantages
Despite extensive expertise with solid dispersions, they are not

broadly used in commercial products, mainly because there is the

possibility that during processing (mechanical stress) or storage
1070 www.drugdiscoverytoday.com
(temperature and humidity stress) the amorphous state may

undergo crystallization [28,43,48,57]. The effect of moisture on

the storage stability of amorphous pharmaceuticals is also a sig-

nificant concern, because it may increase drug mobility and pro-

mote drug crystallization [57,58]. Moreover, most of the polymers

used in solid dispersions can absorb moisture, which may result in

phase separation, crystal growth or conversion from the amor-

phous to the crystalline state or from a metastable crystalline form

to a more stable structure during storage. This may result in

decreased solubility and dissolution rate [43,59]. Therefore, exploi-

tation of the full potential of amorphous solids requires their

stabilization in solid state, as well as during in vivo performance

[28].

Another drawback of solid dispersions is their poor scale-up for

the purposes of manufacturing. Strategies to overcome the man-

ufacturing process drawbacks will be discussed later.

The advantageous properties of solid dispersions
Management of the drug release profile using solid dispersions is

achieved by manipulation of the carrier and solid dispersion

particles properties. Parameters, such as carrier molecular weight

and composition, drug crystallinity and particle porosity and

wettability, when successfully controlled, can produce improve-

ments in bioavailability [60].

Particles with reduced particle size
Molecular dispersions, as solid dispersions, represent the last state

on particle size reduction, and after carrier dissolution the drug is

molecularly dispersed in the dissolution medium. Solid disper-

sions apply this principle to drug release by creating a mixture of a

poorly water soluble drug and highly soluble carriers [14]. A high

surface area is formed, resulting in an increased dissolution rate

and, consequently, improved bioavailability [14,61].

Particles with improved wettability
A strong contribution to the enhancement of drug solubility is

related to the drug wettability improvement verified in solid

dispersions [53]. It was observed that even carriers without any

surface activity, such as urea [17] improved drug wettability.

Carriers with surface activity, such as cholic acid and bile salts,

when used, can significantly increase the wettability properties of

drugs. Moreover, carriers can influence the drug dissolution profile

by direct dissolution or co-solvent effects [7,14,62]. Recently, the

inclusion of surfactants [43,63] in the third generation solid dis-

persions reinforced the importance of this property.

Particles with higher porosity
Particles in solid dispersions have been found to have a higher

degree of porosity [64]. The increase in porosity also depends on

the carrier properties, for instance, solid dispersions containing

linear polymers produce larger and more porous particles than

those containing reticular polymers and, therefore, result in a

higher dissolution rate [60]. The increased porosity of solid dis-

persion particles also hastens the drug release profile [60,64].

Drugs in amorphous state
Poorly water soluble crystalline drugs, when in the amorphous

state tend to have higher solubility [28,30]. The enhancement of
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drug release can usually be achieved using the drug in its amor-

phous state, because no energy is required to break up the crystal

lattice during the dissolution process [65]. In solid dispersions,

drugs are presented as supersaturated solutions after system dis-

solution, and it is speculated that, if drugs precipitate, it is as a

metastable polymorphic form with higher solubility than the most

stable crystal form [14,43,53].

For drugs with low crystal energy (low melting temperature or

heat of fusion), the amorphous composition is primarily dictated

by the difference in melting temperature between drug and carrier.

For drugs with high crystal energy, higher amorphous composi-

tions can be obtained by choosing carriers, which exhibit specific

interactions with them [6].

Strategies to avoid drug recrystallization
Recrystallization is the major disadvantage of solid dispersions. As

amorphous systems, they are thermodynamically unstable and

have the tendency to change to a more stable state under recrys-

tallization.

Molecular mobility is a key factor governing the stability of

amorphous phases [66], because even at very high viscosity, below

the glass transition temperature (Tg), there is enough mobility for

an amorphous system to crystallize over pharmaceutically relevant

time scales [67,68]. Furthermore, it was postulated that crystal-

lization above Tg would be governed by the configurational

entropy, because this was a measure of the probability of molecules

being in the appropriate conformation, and by the mobility,

because this was related to the number of collisions per unit time

[66,69].

Several experiments have been conducted to understand the

stabilization of solid dispersions. Recent studies observed very small

reorientation motions in solid dispersions showing a detailed het-

erogeneityof soliddispersionsanddetecting the sub-glass transition

beta-relaxation as well as alpha-relaxation [70], which may lead to

nucleation and crystal growth [68]. Molecular mobility of the

amorphous system depends, not only on its composition, but also

on the manufacturing process as stated by Bhugra et al. [71]. Solid

dispersions exhibiting high conformational entropy and lower

molecular mobility are more physically stable [66].

Polymers improve the physical stability of amorphous drugs in

solid dispersions by increasing the Tg of the miscible mixture,

thereby reducing the molecular mobility at regular storage tem-

peratures, or by interacting specifically with functional groups of

the drugs [65,67]. For a polymer to be effective in preventing

crystallization, it has to be molecularly miscible with the drug

[57,72]. For complete miscibility, interactions between the two

components are required. It is recognized that the majority of

drugs contain hydrogen-bonding sites [68], consequently, several

studies have shown the formation of ion–dipole interactions and

intermolecular hydrogen bonding between drugs and polymers,

and the disruption of the hydrogen bonding pattern characteristic

to the drug crystalline structure [65]. These lead to a higher

miscibility and physical stability of the solid dispersions

[6,72,73]. Specific drug polymer interactions were observed by

Teberekidis et al. [74], showing that interaction energies, electron

density, and vibrational data revealed a stronger hydrogen bond of

felodipine with PVP than with PEG, which was in agreement with

the dissolution rates of the corresponding solid dispersions.
Other studies have shown stabilization in systems where hydro-

gen-bonding interactions are not possible, because of the chem-

istry of the system [75]. Vippagunta et al. [6] concluded that

fenofibrate does not exhibit specific interactions with PEG, inde-

pendent of the number of hydrogen bonds donating groups pre-

sented [6]. The same conclusion was achieved by Weuts et al. [76]

in the preparation of solid dispersions of loperamide with PVP K30

and PVP VA64, in which, hydrogen bonds were no absolute

condition to avoid crystallization.

Konno et al. [38] determined the ability of three different

polymers, PVP, HPMC and hydroxypropylmethylcellulose acetate

succinate to stabilize amorphous felodipine, against crystalliza-

tion. The three polymers inhibited crystallization of amorphous

felodipine by reducing the nucleation rate [38]. It was speculated

that these polymers affect nucleation kinetics by increasing their

kinetic barrier to nucleation, proportional to the polymer con-

centration and independent of the polymer physiochemical prop-

erties [38].

The strategies to stabilize the solid dispersions against recrys-

tallization strongly depend on the drug properties and a combina-

tion of different approaches appears to be the best strategy to

overcome this drawback. Third generation solid dispersions intend

to connect several strategies to overcome the drug recrystalliza-

tion, which has been the major barrier to the solid dispersions

marketing success.

Manufacturing processes
Melting and solvent evaporation methods are the two major

processes of preparing solid dispersions [25,28,37,43] (Figure 2).

Melting method
Sekiguchi et al. [18] were the first to use a melting method con-

sisting of melting the drug within the carrier followed by cooling

and pulverization of the obtained product. In the melting process,

the molecular mobility of carrier is high enough to change the

drug’s incorporation [27]. A common adaptation to the melting

phase consists of suspending the active drug in a previously melted

carrier, instead of using both drug and carrier in the melted state,

reducing, therefore, the process temperature [6,45,47].

To cool and solidify the melted mixture, several processes such

as ice bath agitation [17,28], stainless steel thin layer spreading

followed by a cold draught [23], solidification on petri dishes at

room temperature inside a dessicator [47,77], spreading on plates

placed over dry ice [78], immersion in liquid nitrogen [33] or

stored in a dessicator [6,79] were used. After cooling, the mixture

must be pulverized regarding its handling [77,79].

However, the use of high temperatures, and the fact that

several drugs can be degraded by the melting process, can be a

limitation of this method [52]. The incomplete miscibility

between drug and carrier that may occur, because of the high

viscosity of a polymeric carrier in the molten state, is another

limitation of this process [65]. To avoid the melting method

limitations, several modifications, like hot-stage extrusion

[7,43,80], MeltrexTM [81] or melt agglomeration [82,83] were

introduced to the original method.

Hot-stage extrusion consists of the extrusion, at high rotational

speed, of the drug and carrier, previously mixed, at melting

temperature for a small period of time. The resulting product is
www.drugdiscoverytoday.com 1071
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Manufacturing processes used to produce solid dispersions.
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then collected after cooling at room temperature and milled

[7,43,80]. A reduction in processing temperature can be achieved

by the association of hot-stage extrusion with the use of carbon

dioxide as a plasticizer [39,84], which broadens the application of

hot-stage extrusion to thermally labile compounds [39]. Solid

dispersions of para-amino salicylic acid/ethylcellulose [39], itraco-

nazole/PVP [80] and itraconazole/ethylcellulose [84] were success-

fully prepared by this technique. Moreover, it was observed that

solid dispersions of itraconazole/inutec SP1 prepared by hot-stage

extrusion presented itraconazole in a fully glassy state, whereas it

was only partially glassy in solid dispersions prepared by spray

drying [43].

MeltrexTM is a patented solid dispersion manufacturing process,

also on the basis of the melting process. The crucial elements in the

MeltrexTM technology is the use of a special twin screw extruder

and the presence of two independent hoppers in which the

temperature can vary over a broad temperature range [81]. This

process permits a reduced residence time of the drug in the

extruder, allowing a continuous mass flow and avoiding thermal

stress to the drug and excipients. Additionally, it is possible that

the application of this technique to protect drugs susceptible to

oxidation and hydrolysis by complete elimination of oxygen and

moisture from the mixture [81].

Melt agglomeration allows the preparation of solid dispersions

in conventional high shear mixers. It is made by adding the

molten carrier containing the drug to the heated excipients

[82,83], by adding the molten carrier to a heated mixture of

drug and excipients [85], or by heating a mixture of the drug,

carrier and excipients to a temperature within or above the

melting range of the carrier [83]. It is also possible to produce

stable solid dispersions by melt agglomeration in a rotary pro-

cessor [25].
1072 www.drugdiscoverytoday.com
Solvent evaporation method
The solvent evaporation method consists of the solubilization of

the drug and carrier in a volatile solvent that is later evaporated

[29,30,41]. In this method, the thermal decomposition of drugs or

carriers can be prevented, since organic solvent evaporation occurs

at low temperature [37].

A basic process of preparing solid dispersions of this type con-

sists of dissolving the drug and the polymeric carrier in a common

solvent, such as ethanol [31,53,55], chloroform [15,86], or a

mixture of ethanol and dichloromethane [40]. Normally, the

resulting films are pulverized and milled [12,26,30,31]. The use

of the carriers partially suspended, instead of dissolved, was also

reported in the preparation of a solid dispersion of indometacin, in

which the drug and ethylcellulose were dissolved in ethanol and

HPMC was suspended [13].

Differences in solvent evaporation processes are related to the

solvent evaporation procedure, which usually include vacuum

drying [26,31,59], heating of the mixture on a hot plate [11], slow

evaporation of the solvent at low temperature [30,31], the use of a

rotary evaporator [35], a stream of nitrogen [16], spray-drying

[28,41,43,76], freeze-drying [5,27] and the use of supercritical

fluids (SCF) [37].

Spray-drying is one of the most commonly used solvent eva-

poration procedures in the production of solid dispersions. It

consists of dissolving [43,48,87] or suspending [43,48] the drug

and carrier, then spraying it into a stream of heated air flow to

remove the solvent [43,48,76]. Van Drooge et al. [5] prepared an

alternative solid dispersion by spraying a povidone and diazepam

solution into liquid nitrogen, forming a suspension that was then

lyophilized.

The basic freeze-drying process consists of dissolving the drug

and carrier in a common solvent, which is immersed in liquid
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nitrogen until it is fully frozen. Then, the frozen solution is further

lyophilized [5,27].

The use of SCF, substances existing as a single fluid phase

above their critical temperature and critical pressure, was shown

to be efficient in obtaining solid dispersions [37,55,88]. It

ensured a very fine dispersion of the hydrophobic drug in the

hydrophilic carrier [41]. Carbon dioxide (CO2) is the most com-

monly used SCF because is chemically inert, non-toxic and non-

flammable [15]. This technique consists of dissolving the drug

and the carrier in a common solvent that is introduced into a

particle formation vessel through a nozzle, simultaneously with

CO2. When the solution is sprayed, the solvent is rapidly

extracted by the SCF, resulting in the precipitation of solid

dispersion particles on the walls and bottom of the vessel [37].

The use of processes using SCF reduces particle size, residual

solvent content, without any degradation, and often results in

high yield [15,37,88].

Another common process is the co-precipitation method, in

which a non-solvent is added dropwise to the drug and carrier

solution, under constant stirring. In the course of the non-solvent

addition, the drug and carrier are co-precipitated to form micro-

particles. At the end, the resulted microparticle suspension is

filtered and dried [36].
Spin-coated films is a new process to prepare solid dispersions by

the solvent evaporation method, which consists of dissolving drug

and carrier in a common solvent that is dropped onto a clean

substrate highly spinned [38]. Solvent is evaporated during spin-

ning. This process is indicated to moisture sensitive drugs since it is

performed under dry conditions [38].

The use of organic solvents, the high preparation cost and the

difficulties in completely removing the solvent are some of the

disadvantages associated with solvent evaporation methods

[7,37]. Moreover, it is also possible that slight alterations in the

conditions used for solvent evaporation may lead to large changes

in product performance [65].

Conclusion
Most of the promising NCEs are poorly water soluble drugs, which

may present a lack of therapeutic effect, because of their low

bioavailability. Solid dispersions are one of the most attractive

processes to improve drugs’ poor water solubility. Third genera-

tion solid dispersions can improve their stability and performance

by increasing drug-polymer solubility, amorphous fraction, parti-

cle wettability and particle porosity. Moreover, new, optimized

manufacturing techniques that are easily scalable are also coming

out of academic and industrial research.
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